Purpose Despite advances in the development of impact categories for ionising radiation, the focus on artificial radionuclides produced in the nuclear fuel cycle means that the potential impacts resulting from increased exposure to naturally occurring radioactive materials (NORM) are still only covered to a limited degree in life cycle assessment (LCA). Here, we present a potential framework for the inclusion of the exposure routes and impact pathways particular to NORM in LCA. Methods We assess the potential magnitude of enhanced NORM exposure, particularly in light of the potential use of NORM residues in building materials, and set out the potential exposure routes that may exist. We then assess the current state of the art, in terms of available fate, exposure and damage models, both within and outside of the LCA sphere. Finally, these exposure routes and modelling techniques are combined in order to lay out a potential framework for NORM assessment in LCA, both in terms of impact on humans and ecosystems. Results and discussion Increased exposure to NORM radionuclides can result either from their release to the environment or their proximity to humans as they reside in stockpiles, landfills or products. The exposure route via products is considered to be increasingly significant in light of current attempts to incorporate technologically enhanced NORMs (TENORM) including bauxite residue into building materials, by groups such as the ETN-MSCA REDMUD project. Impact assessment models for NORM exposure are therefore required to avoid potential burden shifting in the assessment of such TENORM products. Models describing the fate of environmental releases, the exhalation of radon from building products and the shielding effects on landfills/stockpiles are required to assess potential exposure. Subsequently, models relating exposure to radiation sources and the effective internal and external dose received by receptors are required. Finally, an assessment of the damage caused to the receptors is desirable. Conclusions A sufficient suite of currently existing and internationally recognised models exist that can, with varying degrees of modification, form the building blocks of a comprehensive NORM characterisation method for LCA. The challenge ahead lies in consolidating these models, from disparate fields, into a coherent and generally applicable method for the assessment of enhanced NORM exposure in LCA.
capita effective dose (UNSCEAR 2008) , as presented in Fig. 1 . By way of comparison, routine releases from the nuclear fuel cycle account for less than 0.01% of annual per capita effective dose (0.2 μSv a −1 ) (UNSCEAR 2000) . Over 80% of natural radiation results from the decay chains of radioactive isotopes with half-lives comparable to the age of the earth, so-called primordial isotopes, contained within minerals in the earth's crust. 1 Where human activities have increased the potential for exposure to materials containing these radioactive elements, these materials are classed as naturally occurring radioactive materials (NORM). Increased exposure to NORM has the potential to lead to adverse health effects upon these receptors (UNSCEAR 2000) . The two most important naturally occurring isotopes from a radioprotection standpoint are Th decay chains has been recorded as 1.6 to 2.9 times and 2.4 to 3.0 times higher than the parent ore respectively (O'Connor et al. 2013) . Such materials, containing artificially elevated concentrations of NORM radionuclides, are referred to as technologically enhanced NORM (TENORM). Further extraction of useful materials, such as iron and scandium, from BR has the potential to lead to the release of radionuclides to the environment via routine process emissions. In addition, NORM radionuclides are likely to be further concentrated in the resulting residues. As part of its 'zero-waste' aspiration, the MSCA-ETN REDMUD project aims to use these TENORM residues in products such as geopolymers and/or building products (MSCA-ETN REDMUD 2015) .
The radiological impacts of the NORM in the valorisation of BR are likely to manifest themselves at a place and a time other than that of their original processing, that is, at another stage in their life cycle. A life cycle perspective is therefore important in order to avoid burden shifting and environmental sub-optimisation in the development of valorisation technologies. Life cycle assessment (LCA) is a standardised and internationally recognised method to quantify and assess the whole life cycle impact of products and services across a variety of potential impact categories. The aim is to gain a holistic view of the potential effects of the human actions leading to the provision of these products.
In this article, we investigate how the potential adverse effects resulting from increased exposure to NORM could be comprehensively incorporated into LCA, in a way that would allow the assessment of relevant life cycle environmental and health impacts of products and processes where NORM exposure is likely or significant.
Specifically, we aim to:
& Establish whether the development of impact assessment models for NORM exposure is warranted, particularly in the context of BR valorisation & Assess the existing literature to estimate how and where significant release of and exposure to NORM might occur, using BR valorisation as an example (in order to be able to focus LCA modelling efforts on relevant issues) & Compile a representative list of existing release, fate, exposure and impact models from current literature and evaluate how appropriate they are for the integration of NORM into LCA & Outline a suitable framework for the incorporation of NORM into LCA, determine the suitability of the existing models in the context of this framework and identify gaps where they exist 2 Methods
Justification of impact assessment model development
As a first stage, currently existing life cycle impact assessment models for ionising radiation (Frischknecht and Braunschweig 2000; Garnier-Laplace et al. 2009 ) were assessed to establish whether the potential impacts of NORM are already accounted for to a sufficient degree within the LCA framework. Cucurachi et al. (2014) propose a generalised framework for the inclusion of emerging impacts in LCA. The Cucurachi et al. framework divides the development of an impact category into two domains, the specialist domain, which sets out the technical evidence to justify the development of the impact category, and the LCA domain, in which the specialist knowledge is applied in the LCA context. As such, the specialist domain acts as a set of prerequisite criteria for impact category development. In order to establish whether the development of a new, separate impact model for NORM is justified, we assessed NORM impact against these specialist domain criteria. The criteria are listed in full in Table 2 .
Identification of release and exposure pathways
In order to understand the potential releases and exposure pathways relevant to NORM, representative literature covering radiological exposure and toxicological risk was reviewed and evaluated. Potential pathways were considered in the context of NORM processing, using the life cycle of BR valorisation as an example where relevant. This includes the processing stage, use stage (incorporation into building materials) and disposal (in landfill). Both humans and non-human organisms (terrestrial and aquatic) were considered as potential receptors. A cause and effect chain between inventoriable flows relating to NORM radionuclides and potential impact on these receptors was established.
Model identification and assessment
Once the potentially relevant pathways of exposure were identified, relevant academic and specialist literature was reviewed in order to identify candidate models which had the potential to be used or adapted to represent the cause-effect chain for each exposure pathway identified. Models already used in LCA, both within ionising radiation and toxicological impact categories, were considered first. Following this, broader literature searches for compartmental models, multimedia models, fate models, exposure models and damage models were conducted, with a focus on the radiological literature.
It was anticipated that the existing models were likely to be limited by the lack of parameters for the NORM isotopes and/ or the diversity of life forms that are exposed. In these cases, the potential of the models to be extended to include these missing elements was considered.
A systematic review of each of the candidate models identified was carried out according to the criteria set out in Table 1 . The criteria are adapted from the review criteria used in the International Reference Life Cycle Data System (ILCD) review of life cycle impact assessment methods carried out on behalf of the EU JRC (Hauschild et al. 2013 ).
Framework development
The results of the exposure pathway/cause-effect analysis and the model review were combined to develop a clear framework for a NORM impact model, following the direction of Cucurachi et al. (2014) .
Results

Justification of impact assessment model development
Ionising radiation impact categories are currently available in commonly used LCA software (SimaPro (Pre Sustainability 2014), GaBi (Thinkstep 2014) ) both for human health (Frischknecht and Braunschweig 2000) and ecosystems (Garnier-Laplace et al. 2009 ). Both impact categories are recommended (at least as an interim choice) in the ILCD guidelines for assessing ionising radiation at a midpoint level (European Commission 2011). These impact categories were developed to assess the potential impact of operational releases of (mainly) artificial radionuclides from the nuclear fuel cycle for power generation. As a result, none of the three main NORM radioisotopes are characterised in the ecosystem impact category, while only releases of 238 U to air and water are characterised in the human impact category. Additionally, exposure routes associated with NORM incorporated into building materials, both direct exposure to gamma radiation and through the exhalation of radon into interior spaces, are not modelled in either characterisation method, and therefore, these impacts are not characterised in either category. While
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Other arƟficial sources 0.4% Natural sources : 80% ArƟficial sources: 20% Fig. 1 Worldwide average annual human exposure to ionising radiation (UNSCEAR 2008) these exposure routes are highly unlikely to occur as part of the nuclear fuel cycle, they are a potentially important source of exposure for BR valorisation, as well as the utilisation of other NORM-containing materials. A method to account for indoor exposure to radiation (in addition to organic chemicals) from residential building materials in LCA has been proposed by Meijer et al. (2005a; 2005b) . To date, however, none of the published case studies citing this method mention radiation and rather focus on the organic chemical aspect of the method (Kikuchi and Hirao 2010; Walser et al. 2014 ). This method is discussed in detail below. Table 2 summarises the suitability of developing a NORM exposure impact category according to the framework set out by Cucurachi et al. (2014) .
Identification of release and exposure pathways
NORM utilisation has the potential to expose human and nonhuman biota to additional radiation. The cause-effect chains for these additional exposures take the form of a sourcepathway-receptor relationship (Holdgate 1980) . In the case of NORM, we can broadly define two main source typesdirect emissions of radionuclides to the environment and radionuclides contained within TENORMs. Each of these sources has different pathways to the receptors. These pathways are summarised in Fig. 2 .
When NORM radionuclides are released as emissions to air and water, they are subsequently dispersed and transported through the environment and, via various mechanisms (e.g. deposition, translocation, ingestion and bioaccumulation (IAEA 2010)), can end up in proximity to human and nonhuman biota, resulting in exposure to ionising radiation. Emissions of nuclides to air via stack emissions may be directly inhaled by humans and animals. In addition, these nuclides may be deposited onto crops and/or forage and enter the food chain resulting in exposure via ingestion. Airborne emissions may also be deposited to water bodies, leading both to the exposure of aquatic organisms and the potential to enter the food chain via aquatic sources and/or direct ingestion by humans and animals. Direct emissions to water from NORM processing have similar potential pathways to receptors. The environmental fate of these radionuclides can be mathematically modelled.
Humans can be exposed to radionuclides in NORM as a result of their prolonged proximity to these materials. The most likely source of prolonged exposure to TENORM, especially that produced by BR valorisation, is through its incorporation in building materials; this is an area of increasing interest in the reuse of industrial waste materials (Batayneh et al. 2007; Raut et al. 2011) . Many hazardous substances in the wastes are effectively immobilised in the upcycled products (Van Jaarsveld et al. 1997) , preventing their release into indoor environments. However, the decay potential of the radionuclides within these products is not affected and, for walls less than 30 cm thick, self-shielding of gamma radiation is not significant (Koblinger 1984; Meijer et al. 2005a) . Most domestic applications do not require wall thicknesses over 30 cm (e.g. 19-29 cm dependent on wall height in UK building regulations (HM Government 2013)), and as a result, these products are likely to emit gamma radiation and radon into the indoor environment. Standard building materials will of course also contain certain levels of naturally occurring radionuclides, which will vary by geography (Trevisi et al. 2012) . The incorporation of NORM-enriched wastes into building material has the potential to lead to exposure above that of the average building material.
In addition to the external gamma dose, radiological exposure from building materials can occur via the inhalation of radon ( 222 Rn) and its daughter nuclides.
222
Rn is a radioactive noble gas produced in the decay chain of 238 U in the building materials which can subsequently be released from the materials into living spaces. The 'fate' of gamma-emitting radionuclide decay chains is defined by their presence in the material. time in which the materials are in use, and therefore, the exposure of the receptor to gamma radiation released by their respective decay chains is not dependent on the physical fate of the original nuclide but the proximity to the material it is contained within. The immobile nature of these radionuclides is supported by the summarised results of the UNSCEAR Sufficient information exists to study the impact of ionising radiation on human health and the health of representative non-human organisms (as a proxy for ecosystems). report (UNSCEAR 2000) , which shows that uranium and thorium decay products (other than radon) make only a minor contribution to indoor exposure due to inhalation. Both the exposure to gamma radiation and release and subsequent inhalation of 222 Rn can be mathematically modelled. Humans may also come into prolonged proximity to NORM radionuclides during its processing and disposal. Stockpiles of ores and/or residues (including BR prevalorisation) as well as storage of final TENORM products and residues (including landfilling of TENORM waste) present potential sources of occupational exposure.
Additional human radiation exposure as a result of environmental releases of NORM during processing is highly dependent on the material and the process. UNSCEAR (2000) has estimated that for industries posing the greatest exposure risk, increased localised doses are in the order of 1-10 μSv a , again depending on the activity of the material.
Releases of NORM nuclides to the environment, for example from electricity production and phosphate mining, while inventoried in current LCI data, are not characterised by the current ionising radiation impact methods. The existence of such uncharacterised nuclides has been highlighted by the ILCD (European Commission 2010) and the addition of further nuclides highlighted as a high-priority research need in this area.
The presence of NORM in building materials has the potential to have a far more significant effect on increasing radiation exposure at the use phase than emissions of NORM nuclides to the environment at other stages of the life cycle. Table 3 shows the typical primordial nuclide content of bricks, cement, concrete and bauxite residue, as well as the corresponding activity concentration index (I). I is calculated according to the formula set out in the EU Basic Safety Standards Directive (European Union 2014) as follows:
where C Ra226 , C Th232 and C K40 are the activity concentration of the corresponding radionuclides in a material measured in becquerels per kilogram. This is borne out by experimental data. Dose equivalents for experimental buildings built in Jamaica using bricks containing local bauxite residue were estimated to be 1.44 and 2.07 mSv per annum for bricks made from 50 and 100% bauxite residue respectively, an increase of 0.58 and 1.21 mSv over standard concrete (McLeod 1998) . It is worth noting that these increased doses are from building materials using unprocessed bauxite residue. The MSCA-ETN REDMUD project aims to extract useful materials from bauxite residue prior to its use in building materials, with the potential to further concentrate NORM in the resulting residue.
The impacts of such exposure are non-trivial. The increase in fatal cases and non-fatal cases of cancer per 1 man/Sv excessive exposure (collective dose) is estimated to be 0.05 and 0.12, respectively, by Frischknecht and Braunschweig (2000) , with UNSCEAR (2000) estimating an increase of fatal cancer cases of 0.08 for males and 0.11 for females (corresponding to 0.096 per average person assuming equal gender distribution). The latter provides higher risk of exposureinduced death, since it does not include any reduction factors for low dose rates, which are the case for natural radioactivity.
The I index provides a threshold value for radionuclide concentration within construction material, and is indicative of its legislative importance; however, it does not provide any indication of the long-term damage to inhabitants of such a building in comparison to other impacts. In order to assess this, albeit at a coarse level, we can look at published doses to general public from NORM materials. One such example is application of fly ash in building materials as presented in Table 4 . Considering a lifetime period of 75 years and three inhabitants on average per house, we convert the annual dose to damage using the dose to damage coefficient of Frischknecht and Braunschweig (2000) (Hierarchical/Egalitarian scenario; 1.51 disability adjusted life years (DALY)/man.Sv) and get 0.510 DALYs per house per lifetime. Comparing this obtained value to the total production impacts of the major building materials present in the reference dwelling used by Meijer et al. (2005b) (Table 5) , it is clear that damage from the ionising radiation during the use phase has the potential to be the dominant human health impact in the life cycle of construction materials and is an issue worthy of consideration. This is true both when considering only those endpoint models recommended by ILCD and when considering all human health endpoint models in ReCiPe (Goedkoop et al. 2009 ). The use phase human health impact of NORM materials can be also compared to the use phase impacts resulting from the power consumption of the inhabitants over the same period. The annual energy consumption in the UK per household is 3941 kWh (World Energy Council 2016; 2014 data), which equals 1.06 TJ of energy assuming same power consumption over 75 years. Applying the damage coefficient from Frischknecht and Braunschweig (2000) for the average UCTEP power plant (0.061 DALY/TJ considering effects of ionising radiation, chemical toxicity and respiratory effects) would give 0.06466 DALY per household per 75 years, which is almost an order of magnitude lower than possible use phase damage from construction materials calculated above.
For biota exposure, the initially accepted approach, that safety measures sufficient to protect humans are also sufficient to protect wildlife (ICRP 1977) , has been reconsidered in more recent years, on the basis that species sensitivity and exposure pathways to ionising radiation might differ from those of humans. As discussed in the PROTECT report (Andersson et al. 2008) , there is no international consensus on the threshold values for environmental protection (proposed limiting exposure dose rates differ in the range of 10-400 μGy h −1 , with some authors providing limiting radionuclide concentrations instead); however, there is an agreement that separate investigations into the radiological exposure of biota should be performed.
Inventory assessment
For each of the pathways outlined above, inventory data is required, either for releases of NORM radionuclides to the environment or for their activity concentration in materials.
At the production stage, inventory data for the release of NORM radionuclides to air are available in many existing processes in the Ecoinvent database for which NORM may be significant, including electricity production from hard coal and lignite ( At the use stage, activity concentrations in common building materials and residues are available in the scientific literature (Meijer et al. 2005b; Trevisi et al. 2012; Nuccetelli et al. 2015) , which may be combined to estimate activity concentrations of mixtures. For truly novel applications, however, gamma spectroscopy measurements of the materials produced are likely to be required.
The Ecoinvent models for landfill emissions do not include NORM elements (with the exception of potassium and lead) (Doka and Hischier 2005; Doka 2009 ). In the absence of initial concentration data for landfills and their leachate for these elements, approximations will need to be made. TENORM material is most likely to occur as industrial waste and therefore be disposed of in residual material landfill. With the single exception of chromium, the total mobilisable fraction (TK ∞ ) for all elements in the residual landfill model is assumed to be 1 (i.e. 100%) (Doka 2009, Table A.8, pp. 120) . Given that no data is available, we suggest that for the missing radionuclides the long-term transfer coefficient (TK 0-60,000 ) be set to TK ∞ (i.e. 1).
For elements that are not easily soluble, 2 a constant leachate concentration is assumed (ibid, pp. 25). Given that residual material landfills are assumed to remain in the carbonate (acid buffering) phase for more than 60,000 years (ibid. pp. 70), this constant leachate concentration is maintained in both the short and long terms. In the original model, the assumption of constant leachate concentration is used to approximate TK 0-60,000 from the short-term transfer coefficient (TK 0-100 ) (ibid, Eq. 5.12, pp. 29). In this case, however, we propose the reverse, to approximate TK 0-100 from the assumed value of TK 0-60,000 = TK ∞ = 1. This gives a short-term transfer coefficient of TK 0-100 = 0.0017. This translates to the release of 0.17% of the total mass of the radionuclide over the first 100 years (short-term emissions) and 99.83% over years 100-60,000 (long-term emissions). If long-term emissions are to be excluded in a given analysis, the sensitivity of the results to the assumed proportions of short-and long-term emissions from landfill should be analysed. 
Model identification and assessment
The modelling required to establish the cause-effect relationship between sources of NORM, the exposure received by receptors and the potential damage caused by this exposure can be subdivided into three stages, fate, exposure and damage.
Fate models deal with the physical movement of the radionuclides from their point of release to their point of exposure. The input to a fate model is activity (measured in Bq) of a given radionuclide in the environmental compartment it is released to. The output, also measured in becquerels, is the calculated activity of that radionuclide in the compartment in which the receptor is found.
Exposure models deal with the relationship between the presence of a source of exposure near to or within a receptor and the amount of potentially damaging radiation received. The input to exposure models is the activity of a radionuclide (measured in Bq), and the output is the dose received by the receptor. Dose is measured in two ways. The absorbed dose, measured in SI units of grays (Gy), reflects the amount of incident radiation energy absorbed by a receptor. Not all tissue is equally susceptible to radiation damage; therefore, to reflect the stochastic health risk of exposure to radiation, the absorbed dose is converted to an effective dose, measured in SI unit of sieverts (Sv), accounting for the potential damage inflicted by radiation exposure.
Finally, damage models deal with the subsequent effects on the health or viability of a human or ecosystem receiving the given dose of radiation. The inputs to damage models are the dose (in Sv). The output is dependent on the model and the receptor.
Nine models were identified as potential candidates for the incorporation of NORM in LCA, four of which have been implemented in LCA. These models cover the fate, exposure and damage elements of the cause-effect pathway and are shown in Table 6 .
The results of the model review are summarised in Table 7 . Descriptions of the models are given below.
Frischknecht and Braunschweig (2000)
The Frischknecht and Braunschweig (hereafter F & B) model was developed in order to assess the ionising radiation impacts associated with the nuclear fuel cycle in an LCA context. The fate modelling used is detailed and specific to elements of the French nuclear fuel cycle, including factors concerning the surroundings of the sites in question (population distribution etc.). The model is based on the ExternE model and is a generalised case of the modelling described in Dreicer et al. (1995) . For atmospheric modelling, a Gaussian plume model is used. For liquid releases into rivers, a simple box model is used, dividing the river into several sections and assuming instantaneous mixing in each section. For liquid discharges into the sea, a model of the European sea is used (including the northern European waters and the Mediterranean Sea). As the model accounts for population distribution, the release to each medium is related directly to the collective received dose, effectively combining the fate and exposure models into a single step. Exposure is measured in man.Sv (representing the total collective dose distributed among the affected population). Damage analysis is performed in the F & B model, using the concept of disability adjusted life years (DALY) as the damage criterion, based on epidemiological data.
The F & B model includes exposure and damage factors for the release of Although the model is well documented in the Dreicer report, the model is sufficiently complex and opaque to make the Table 5 Human health impact (ReCiPe v1.12 Hierarchical approach) of production of major building materials in reference dwelling (Meijer et al. 2005b U) for the model that is used/developed.
Garnier-Laplace et al. (2009)
The Garnier-Laplace model was developed as a screening approach to assess the potential impact of routine liquid releases from nuclear facilities to freshwaters. It considers the fate of nuclides into two compartments, the water itself and the sediment. It achieves this using a simple box dilution model, in which the concentration of a substance in a homogeneous section of the waterbody over a given fixed time period is equal to the rate of emission divided by the rate of dilution (in terms of water throughflow). The distribution coefficient (K d ) concept was applied to describe sorption of radionuclides in the water column to sediment. 3 Uptake of the radionuclides into organisms is calculated by the concentration ratio (CR). K d and CR values are calculated using the ERICA model, discussed below.
Both radiological and toxic aspects of emitted isotopes are considered, covering only man-made isotopes. The method is based on the FASSET project characterisation factor database (which was later incorporated into a newer FREDERICA database (Frederica 2007) ), and does not cover NORMs. The FASSET database is not published in the open literature.
The relation between the activity concentration and absorbed dose (exposure) is described by dose conversion coefficients (DCCs). The method is applied to the reference organisms in the freshwater environment, in order to determine the potentially affected fraction of living organisms per annum.
The Garnier-Laplace model does not include data for NORM nuclides; however, its overlap with ERICA, its potential compatibility with USEtox and its acceptance (at least as an interim choice at a midpoint level) by ILCD mean that it may have the potential to form a part of a NORM assessment.
USEtox (Rosenbaum et al. 2008)
The USEtox model was developed by the United Nations Environment Program (UNEP) and the Society for Environmental Toxicology and Chemistry (SETAC) in consultation with the developers of CalTOX, IMPACT 2002, USES-LCA, BETR, EDIP, WATSON and EcoSense, the leading toxicology models used in both environmental toxicology and LCA. It is a scientific consensus model, representing recommended practice within toxicological modelling in LCA. It is based on a matrix algebra framework, first proposed by Rosenbaum et al. (2007) and adopted in the OMNIITOX model. It assumes homogeneous and instantaneous mixing, calculating the increase in concentration of a chemical in all compartments as a result of its emission into one compartment. Transfer coefficients between compartments are calculated using the physical properties of the chemical in question (partition coefficients etc.). Chemical degradation within a compartment is included as a removal process. The further transportation and toxicity of degradation products are not accounted for by the model. This has implications for the assessment of radionuclides, since the release of ionising radiation by a radionuclide is commonly associated with its transmutation to another element. Following the USEtox approach sensu stricto, this would be considered degradation, and the subsequent decay chain would not be considered. Given the relative predictability of radioactive decay and the availability of dose conversion coefficients for 3 The distribution coefficient is a ratio of the amount of the substance sorbed to the sediment (usually measured in μg/kg) to the amount of the substance in suspension in the water column (usually measured in μg/l) at equilibrium. The micrograms cancel out, leaving the K d in units of litres per kilogram. complete decay chains, it would be desirable to include full decay chain effects for NORM radionuclides. In addition to freshwater, ocean, natural and agricultural soil (each subdivided at a continental and global scale), the USEtox model includes compartments for global, continental and urban air, and, in the latest release version (USEtox 2.01), indoor air, after Hellweg et al. (2009) .
No data for radionuclides is included in USEtox currently; however, sourcing suitable data is anticipated to be relatively straightforward. Given the comprehensive nature of the fate modelling and its broad acceptance as best practice, USEtox has great potential for use in NORM fate modelling.
Meijer et al. (2005a, b)
The Meijer model explicitly aims to integrate indoor air exposure of humans to organic compounds, radon and gamma radiation into LCA. It treats radon in terms of its exhalation potential from the building materials and gamma radiation as a direct emission to the air, with the resulting fate factors in units of sieverts per becquerel. (Koblinger 1984) . This equivalence holds while the two isotopes are in secular equilibrium, a state at which the rate of decay for a daughter radionuclide is limited by and therefore identical to that of its parent radionuclide. Secular equilibrium can have the appearance of a stable state where the half-life of the parent isotope is very long, as is the case with 238 U (t 1/2 = 4.5 billion years), provided that the parent and daughter isotopes remain co-located following the establishment of equilibrium. For natural building materials, like stone, this is likely to be the case. For processed materials, such as bauxite residue, the more water-soluble 226 Ra may not remain co-located with its parents as it may have been partially washed away by process water. Once the equilibrium state has been disturbed in this way, it can take thousands of years to re-establish; therefore, to apply the method of Meijer et al., 238 U and 226 Ra activity may need to be recorded separately in LCI and the exposure factors may need to be revised for processed materials.
For the gamma emitters, exposure modelling is carried out for two compartments, a first floor room and a second floor room, based on the proportion of time spent in each compartment by the occupants of the house (50 and 30%, respectively, with the remainder of time not spent in the house). The room models are based on a standard room of 4 × 5 × 2.8 m, with a wall thickness of 20 cm. It assumes a uniform and homogeneous radiation field within the compartments and that the effect only takes place within the compartment itself. It also assumes a linear relationship between the intensity of the radiation field and both wall thickness (up to 30 cm) and building material density. The standard room used is considered valid in the Dutch setting and is likely to be applicable in a pan-European setting; however, it may not be more broadly applicable worldwide.
The Meijer et al. model is explicitly designed for use in LCA, and although it has yet to be cited in the scientific literature as the basis for case studies in radiological impact, it is nevertheless considered a robust method for accounting for radiological impact of building materials, provided that the 226 Ra/ 238 U equilibrium issue is investigated and resolved.
ERICA
The ERICA tool is a software package designed to assess sitelevel environmental impact due to radionuclide releases (Brown et al. 2008) . The model allows for fate and exposure assessment. The environmental transfer of isotopes and exposure of the biota is assessed, and the model includes major NORMs. There are different options for radionuclide fate assessment: (i) one of several predefined transport models can be used, or (ii) a dispersion model can be implemented by the user. The predefined models within ERICA are referred to as SRS-19 models, recommended in the report by the International Atomic Energy Agency (IAEA 2001) . The models estimate radionuclide concentrations in the air/water from a single ejection source assuming secular equilibrium between release and the environmental medium. The models do not correspond to any specific country or region and represent the ecosystem in a general way. The drawback of the predefined models is that they focus on isotope transfer only within a single compartment (i.e. a river).
The ERICA tool incorporates state-of-the-art knowledge regarding biota exposure to ionising radiation. Exposure is calculated by summing up internal and external absorbed dose rates applying predefined conversion coefficients and weighing factors. Reference organisms recommended by ICRP (2008) are considered for terrestrial, marine and freshwater environments. Ionising radiation exposure conversion coefficients and weighing factors are applied for characteristic living organisms in each of these ecosystems. The tool includes not only artificial radionuclides but also major NORMs.
The FREDERICA (Copplestone et al. 2008 ) database is used for damage characterisation in the ERICA tool. Based on the exposure dose, the radiation effects on reference groups of living organisms are provided. On the one hand, both deterministic and stochastic effects are considered; on the other hand, the database has significant gaps, especially at low dose rates. It cannot be recommended at this point for the endpoint level of impact assessment.
The ERICA methodology presents a limited capacity for fate and damage analysis in the context of LCA; however, the exposure assessment is of sufficient quality to be applicable to the LCA NORM assessment. The database is not complete, however, and for some isotopes, concentration ratios for some of the reference organisms are not defined. The fate modelling coefficients for NORM isotopes contained within the model may be utilised in other models.
AMBER
AMBER is a compartmental analysis software tool (Quintessa Ltd. 2014 ) that allows users to build dynamic models in order to represent the migration and fate of radionuclide isotopes in the environmental system. The tool can be applied for a detailed assessment level within terrestrial, aquatic and atmospheric dispersion. The code includes NORM contamination and food-chain models, as well as leaching of radionuclides which allows for explicit fate assessment and provides a wide range of modelling capacities.
The main drawbacks of the AMBER tool are the need for manual input of the radionuclide characterisation coefficients and considered pathways, as well as the need to set up the environmental models manually. The code has been stated by the IAEA to be complex and time consuming for a new user (IAEA 2007) . In addition, it is a proprietary tool, and as such the modelling and documentation are not transparent. The complexity and specificity of the tool are such that it cannot be recommended for the purposes of LCA.
UNSCEAR
The UNSCEAR report (UNSCEAR 2000) provides guidelines for a thorough assessment of the impact of ionising radiation on humans in the indoor and outdoor environments. The report provides a list of recommended equations and exposure coefficients (as well as occupancy factor and absorbed to effective dose conversion coefficient). The model is based on systematic measurements and analysis that cover around 45% of the world human population. Based on the data, a set of coefficients and characterisation factors is provided to assess the annual effective dose (in man.Sv). The model includes coefficients for NORM materials. The report provides a clear overview of the methodology that can be used for model implementation and further development. The methodology is generic and can be easily applied in the LCA for effective dose assessment, based on the known exposure dose for external exposure (in Gy) and based on isotope intake for internal exposure (in Bq). The model provides coefficients for a reference person (man or woman with defined anatomy), babies and infants.
For the outdoor environment, the model concerns the concentration of NORM elements in the ground and provides exposure coefficients for 232 Th, 238 U groups and 40 K for effective dose estimation due to the NORMs presented in soil. The coefficients are presented for gamma exposure from the whole decay chain and not separated for individual nuclides (as the secular equilibrium of the decay chains is assumed). The methodology for outdoor impact assessment is considered to be inadequate for LCA.
For the indoor environment, the dose is split into external gamma dose and internal due to isotope inhalation/digestion. External gamma dose coefficients are provided for 232 Th, 238 U groups and 40 K for effective dose estimation due to the NORMs presented in soil. The model provides coefficients for these isotopes in the ground, without treating building materials in a separate manner. Internal dose coefficients (for 232 Th and 238 U decay series radionuclides not 40 K) as well as reference annual food, water and air consumptions rates are published. Radon is treated in a separate, more detailed manner. Based on the radon flux inside building material, the rate of isotope release to the building and the concentration can be determined. Separate equations for exposure are provided for radon inhalation and ingestion (considering decay products of radon).
The UNSCEAR model allows us to implement a generalised approach for exposure estimation. The damage is covered to a certain extent-tables are provided with summarised observed and experimental data for cancer and mortality rates based on the absorbed effective dose. The model allows us to determine the fate of radon inside building materials and exposure of the population based on the wall flux of radon. For the external gamma dose, the model covers whole-body exposure due to the presence of NORM within soil, considering exposure from the whole decay chain. Overall, the methodology is transparent and well documented, making it a good choice for implementing within LCA, with some minor modifications (i.e. a separate external gamma-exposure model has to be applied). It is important to mention that a set of up-todate coefficients is presented within the ICRP report (ICRP 2012) , where separate exposures are distinguished between workers and the public for ingestion and inhalation of the isotopes.
3.4.8 Room models for indoor exposure estimation (Markkanen 1995; Risica et al. 2001) A review of several room models is provided by Risica et al. (2001) . All of the models are used to estimate indoor gamma exposure due to NORMs incorporated in construction materials. All of the models require some or all of the following parameters: specific room dimensions, material density and wall thickness, locations for windows and doors. Secular equilibrium of 238 U and 232 Th is assumed, despite the fact that Rn is known to escape from the building materials. Such an approach is more detailed than the UNSCEAR model, discussed above (which provides coefficients for external exposure from the whole 238 U and 232 Th decay chains due to their presence in the ground) and might be used as a complimentary tool for predicting the absorbed dose based on the radionuclide concentration within building materials, which will then be converted to the effective dose with the help of the UNSCEAR model.
The most recent among the models reviewed by Risica is that of Markkanen (1995) Ra and its progenies). The model allows connecting annual exposure with the concentration of the isotopes inside of the building material and therefore is a potential candidate as an alternative for absorbed dose assessment. The same coefficients are used by the UNSCEAR and Markkanen to convert the absorbed dose to the annual effective dose. The Meijer model is considered a better option for LCA, however, as it performs the same function, but is designed for use in LCA.
Industrial storage, landfill and handling
Occupational exposure to radiation is yet to be explicitly considered in LCA; indeed, Frischknecht and Braunschweig (2000) explicitly exclude occupational exposure from the current ionising radiation categorisation method, on the grounds of consistency, using the example that pneumoconiosis in coal miners is not included in the eco-indicator method (Goedkoop et al. 1998 ). Methods to include occupational risks to human health have been proposed, including risk-based approaches related to legislative exposure limits (Wenzel et al. 2000) ; 'bottom-up' approaches, considering direct inhalation of chemical releases (Hellweg et al. 2005; Hellweg et al. 2009 ); and 'top-down' approaches using input-output modelling in conjunction with industrial accident and illness statistics (Hofstetter and Norris 2003) . None of these methods are widely used at present, and none explicitly include radiation exposure.
Gamma-emitting radionuclides within material stored at industrial and landfill sites have the potential to have a radiological impact on humans managing these storage areas. The shielding effect of outer layers of the material stockpile on the inner layers means that the exposure of the receptor to the gamma source will be limited to the upper stockpile layers and the dust that contains volatile radionuclides. Based on the geometry of the stockpile or landfill site, the external dose rate by gamma radiation can be assessed using the model proposed in Markkanen (1995) . The gamma exposure caused by a pile of material is assessed based on the distance of the worker and the amount of the material. In case landfilled or stockpiled material is raising dust, Markkanen provides an equation to assess the internal dose based on the dust concentration and activity.
The direct gamma radiation impact on workers from handling NORM materials during processing (that is once they have been removed from storage and are being prepared for reuse) is likely to be negligible in a life cycle context. In the case of BR valorisation, it is estimated that handling times during processing are likely to be measured in hours, rather than days (ETN-MSCA REDMUD project members, pers. comm.). Given that TENORM residues may spend 70 years or more in building materials, or a number of years in stockpiles/landfills, the potential for exposure during material handling is considered to be low in comparison. No current model exists to account for this type of exposure, and given its lack of significance, it is not recommended that such a model be developed. The sources of radiation considered in the framework are nuclide emissions to air, nuclide emissions to water, nuclides in industrial storage (e.g. ore stockpiles, residual material landfills) and nuclides in building materials. All of these inventory items are relevant to human receptors, while only releases to air and water are relevant to ecosystems.
Framework development
Within the LCA domain, the first step is to define clear elementary flows, which can be scaled to a functional unit and which allows the aggregation of LCI results. For NORM, the elementary flow to consider is the amount of each radioisotope, measured in terms of activity, rather than mass, in the unit of becquerel (Bq).
Separate modelling approaches are required to establish the fate of each of these elementary flows. Once the fate of the nuclides has been established for each cause-effect chain, the exposure of the receptor to the nuclide must then be established, in order to calculate the dose of radiation received by the relevant receptors. This dose measurement is suggested to constitute the midpoint indicator, represented in units of effective dose per becquerel inventoried (Sv Bq
−1
). The exposure model for NORM in building materials will represent the additional dose received by human receptors from the built environment as a result of increased activity in the materials used.
From the calculated midpoint indicators for human and ecosystem exposure, it may be possible to model the potential damage caused as a result of the dose received, in order to calculate an endpoint indicator. Only two of the models reviewed contain a damage assessment (note the damage assessment used in Meijer et al Fig. 3 Proposed framework for NORM assessment in LCA (Hauschild et al. 2013) . The damage assessment for ecosystems outlined in the Garnier-Laplace model is less robust and is not recommended for use by the ILCD.
The most applicable models reviewed in Section 3.3 for each stage in the above framework are shown in Table 8 , along with an indication of the amount of revision required for their successful incorporation.
At the inventory analysis stage, for environmental releases, direct measurement is unlikely to be possible; therefore, a mass balance approach, based on the activity of the incoming materials and the eventual product, may be required to estimate radionuclide releases. For industrial storage and final products, the activity concentration of the materials should be estimated from available literature or established through direct measurement.
At the fate analysis stage, the USEtox model is recommended for environmental releases. It is a mature methodology implemented and widely used within LCA for environmental hazardous material fate assessment. However, the USEtox model does not consider decay products and different environmental behaviour of daughter nuclides. It is recommended that the effects of the full decay chains are taken into account, since they arise from elements with different physical and chemical properties.
For the indoor NORM fate assessment, it is assumed that all of the isotopes (except radon) are bound within construction material throughout the lifetime of the material. This is a reasonable assumption, since all the radioisotopes other than radon make a minor contribution to internal exposure (UNSCEAR 2000) . It is proposed that the fate of radon in the indoor environment is calculated separately using the UNSCEAR models, which allows the prediction of indoor concentration and exposure from radon based on the concentration of the isotope in the specific construction material and its properties.
For the exposure assessment in terms of humans, UNSCEAR provides robust models for both indoor and outdoor analyses. The exposure assessment from the Meijer model can be used to assess the external dose received from gamma emitters in building materials, based on average room dimensions and occupancy. The ERICA tool is considered to be the best option for biota exposure analysis, as it utilises the most recent database of exposure characterisation factors for the reference organisms, and includes major NORM elements.
There is no suitable methodology available to properly describe damage caused by ionising radiation on biota; however, the method of Garnier-Laplace is a good starting point. To assess damage on humans, the disability adjusted life years (DALY) approach used by Frischknecht and Braunschweig (2000) is the best available approach. In both cases, it may transpire in implementation that the uncertainty associated with the damage assessment will lead to the recommendation that the impact is only characterised to a midpoint (dose) level. 
Discussion
Our research indicates that the inclusion of ionising radiation resulting from enhanced NORM exposure within the LCA framework is indeed desirable. We would suggest that it be incorporated alongside the existing ionising radiation models recommended by ILCD (European Commission 2011) for the nuclear fuel cycle, as a subcategory of the ionising radiation category, in a situation similar to 'cancer' and 'non-cancer' effects within human toxicity (Fig. 4) . This requires the development of impact assessment models for each of the exposure routes outlined above. It is not recommended that the existing ionising radiation impact assessment models of Frischknecht and Braunschweig (2000) and Garnier-Laplace et al. (2009) be subsumed within the newly proposed framework. These more specific models relate directly to environmental releases occurring as a result of the nuclear fuel cycle, and as a result, the more specific fate and exposure modelling related to nuclides only produced in this industry are preferable to the more generalised approach outlined here. Environmental releases of NORM nuclides on the other hand are an issue for a far broader and more diverse set of industries, and therefore, a more generally applicable modelling approach is warranted. The most significant potential exposure route to humans is anticipated to be through the presence of NORM in building materials, leading to exposure during the use phase; however, a holistic approach which also incorporates environmental and occupational exposures would be required in order to prevent burden shifting within the life cycle.
Existing models from the field of radiological protection as well as those developed specifically for LCA can provide the building blocks for the development of this characterisation method. The framework we outline here identifies the most suitable pieces and provides the 'blueprint' for putting these pieces together.
The use of industrial wastes and residues in useful products, particularly in construction products, is often stated as being 'eco-friendly'. This assertion is frequently based on the assumption that waste can cause environmental damage, so reducing it is a good thing (Chen et al. 2011) , or that a reduced energy requirement, either in the extraction or processing of materials, is good for the environment (Ahmari and Zhang 2012) . In many cases, these are reasonable assumptions, and the latter even hints at life cycle thinking, even if not validated by life cycle assessment. The development of novel materials based on such premises does, however, raise the spectre of burden shifting, either within the life cycle (from waste treatment to processing/use) or between impact categories.
For TENORM materials, the lack of a suitable impact category means that the radiological impact associated with their processing and use currently goes unassessed. As a result, seemingly 'eco-friendly' materials, even those validated by LCA, may in fact result in unnoticed but unacceptable increases in radiological impact. Indeed, Hellweg et al. (2005) point out that the lack of adequate LCA methods to assess workplace exposure to chemicals has the potential to lead to well-reasoned process optimisations which in actual fact cause a severe detriment to worker's health. NORM exposure currently represents a similar 'blind-spot' for LCA, which the framework set out here has the potential to address.
While this research indicates that the development of a NORM exposure impact category is possible, a number of Ra. This will need to be achieved through empirical testing (e.g. gamma spectroscopy) of representative TENORM materials, such as those generated by the ETN-MSCA REDMUD project.
Lastly, the models in the framework should be consolidated into a single model (or 'meta'-model) , such that all of the parameters for all of the models can be entered in one place, and the combined set of models run to generate the characterisation factors. This means that should better data become available in future, or more specific data be available for a particular case study, the characterisation factors can be updated quickly and simply.
Conclusions
The advantage of using LCA as a decision-aiding tool is its ability to highlight the potential impacts of a product system on a holistic basis. In order to realise this, all potentially significant sources of impact need to be identified at the scoping stage, recorded at the life cycle inventory stage and characterised at the life impact assessment stage. The processing and use of TENORM such as bauxite residue and coal ash as secondary raw materials necessitates the development of a suitable accounting method for the radiological impact of NORM. The framework set out here moves us an important step closer to achieving this aim.
